The results are reported of the ATS-6/GEOS-3 and the ATS-6 NIMBUS-6 satellite-to-satellite orbit determination experiments. NASA intends to use the tracking data relay satellite system for operational orbit determination of NASA satellites. Hence, in the near future, satellite-to-satellite tracking data will be routinely processed to obtain orbits.
The possibility of using geostationary satellites for communications was discussed in the popular literature as early as 1956 [1] . The first detailed proposal for a synchronous tracking satellite system for the purposes of orbit determination was provided by Vonbun in 1967 [2, 3] . Since then a number of papers [4] [5] [6] [7] [8] [9] have considered the use of satellite-to-satellite tracking for orbit determination and for gravity field model refinement. These papers mention that with regard to coverage, a satellite-to-satellite tracking system has a significant advantage over ground based tracking systems. For instance, with a single synchronous relay satellite, a satellite-to-satellite tracking system is capable of observing an earth orbiting satellite during almost half of every orbit. Equivalent coverage of a satellite in a high inclination orbit would be difficult to obtain with a ground based system.
In 1968 during the early planning phases of the geostationary ATS-6 and near-Earth NIMBUS-5 experiments it became clear that this satellite configuration would be ideally suited to evaluate the concept of satellite-to-satellite tracking and to provide valuable experience in processing this new data type. The experiment as defined in October 1968 [10] incorporated both radio time delay (range) and Doppler frequency shift (range rate) measurements. This experiment, entitled the Tracking and Data Relay Experiment (T&DRE) was conducted as planned except that NIMBUS-6, which was launched June 12, 1975 , rather than NIMBUS-5 carried the T&DRE equipment. In early 1972 plans were completed for a very similar ATS-6/GEOS-3 satellite-to-satellite tracking experiment. The GEOS-3 satellite was launched on April 9, 1975 . Another satelliteto-satellite tracking effort involving the ATS-6 was the Goddard Apollo-Soyuz Geodynamics Experiment [ 1 ] performed during 1975. However, the accent of this experiment was gravity anomaly detection rather than orbit determination. The ATS-6, which was the relay satellite for these experiments, was launched on May 30, 1974, ancd is still in operation.
The results of these experiments are relevant because NASA intends to use the Tracking and Data Relay Satellite System (TDRSS) (12) for operational orbit determination of NASA satellites. The system will consist of two synchronous relay satellites (one at 410 west and one at 1710 west) and a common ground station under construction at White Sands, N.Mex. Operations will begin in November 1980. Hence by the early 1980's satellite-to-satellite tracking data will be routinely processed to obtain orbits. This paper is a report on the results of the ATS-6/GEOS-3 and the ATS-6/NIMBUS-6 satellite-to-satellite tracking orbit determination experiments. The tracking systems used in these experiments differ from the TDRSS, primarily in the use of one rather than two synchronous relay satellites. However, the simulations mentioned in this paper indicate that the insights gained from the experiments with regard to proper data reduction techniques and expected results are applicable to the TDRSS.
Satellite-to-Satellite Tracking A satellite radio or laser tracking system makes measurements of such parameters as range, range rate, angles, and direction cosines to a spacecraft relative to a given tracking station. In two-way tracking a signal is transmitted from a well surveyed ground station to a spacecraft transponder which frequency translates the signal for retransmission directly back to the ground station or, as in the case of satellite-to-satellite tracking, to another spacecraft. The two-way tracking system developed for the experiments discussed in this paper measures "range" in terms of the round-trip time delay on a 100-kHz tone and range rate in terms of the Doppler shift on a 2-GHz carrier signal.
Geometry
The tracking geometry is shown in Fig. 1 . The ground station transmits a signal to the near-earth satellite via the synchronous spacecraft. This same signal is "turned around"and transmitted (at a slightly offset frequency) back to the ground site again via the high altitude satellite. For purposes of stability NASA geostationary orbits have been maintained at inclinations which extend from 1.5 to 60. As a consequence the path indicated as R1 (Fig. 1) varies as a function of time as doesR2 [13] . Because of the radio propagation times involved and the fact that both spacecraft are in motion relative to the ground site, four distinct paths must be considered when interpreting the Doppler (range-rate) and timed delay range/measurements [ 13, 14] .
Orbit Determination Techniques
The unfamiliar feature of determining user satellite orbits by means of a satellite-to-satellite tracking system is the presence of the relay satellite state as an error source. The simplest procedure for estimating user satellite state in the presence of this error source is to estimate a satellite epoch state from the satellite-to-satellite tracking data with the relay satellite state constrained to a previously determined orbit and left unadjusted in the reduction process. With For the numerical simulation a computer program was used to generate 12 h of range and Doppler satellite-tosatellite tracking data from the ATS-6/GEOS-3 satellite combination. In this data generation the Naval Weapons Laboratory (NWL) geopotential field was used. A random number generator added white noise of standard deviation I mm/s to the Doppler data and white noise of 2 m to the ranging data, values consistent with tracking system performance. The SAO 69 geopotential field and an orbit determination program were used to reduce the data to simultaneously estimate the ATS-6 and GEOS-3 epoch states. The estimate of GEOS-3 epoch state was propagated along the entire 12-h data collection period using the SAO 69 geopotential field. This orbit was compared at selected time points to the true GEOS-3 orbit which was obtained by propagating the GEOS-3 reference epoch state with the NWL geopotential field. The averge difference between the two orbits was over 900 m. Also the nominal covariance matrix of the data reduction revealed that several correlations between estimated parameters were of absolute value near unity. This implies that the normal matrix which is inverted in the least squares estimation process is poorly conditioned. Hence small perturbations of the elements of this matrix such as those caused by computer roundoff and other effects cause major perturbations of the elements in the inverted matrix. This amplification effect in the iniversion of a poorly conditioned matrix can lead to an inaccurate estimate of a satellite epoch state or in some cases a divergence of the least squares interation procedure. This is the probable cause of poor results using a simultaneous estirnation approach in both the simulated and real data reductions.
Thus the two conclusions of our analyses are 1) the uncertainty in relay satellite state is a significant error source which cannot be ignored in the reduction of satellite-tosatellite tracking data, and 2) that based on both simulations and real data reductions it is numerically impractical to use simultaneous unconstrained solutions to determine both relay satellite and user satellite epoch states. The estimation technique used to generate the results may be described as a Bayesian or least squares with an a priori procedure. The approach may be outlined as follows: independent ranging to the synchronous relay satellite is processed to obtain an epoch state estimate for the relay satellite. The satellite-tosatellite tracking data is then processed in a least squares fashion to simultaneously estimate relay and user satellite epoch states. However, the least squares loss function which is minimized contains an a priori estimate of the relay satellite epoch state obtained from processing the ranging data. This a priori estimate is weighted according to the inverse of its associated covariance matrix. This approach permits the adjustment of relay satellite epoch state in the reduction of satellite-to-satellite tracking data but without the numerical difficulties introduced by an ill-conditioned normal matrix. Theoretically this technique obtains the best possible estimate of user satellite state based on all available information.
Tracking System Performance
The expected error for the NASA range and range rate satellite-to-satellite tracking system is a function of many controlled parameters such as range tone frequency, sample rate, bandwidth settings, signal-to-noise spectral density ratios, spacecraft dynamics, etc. [13] . However, the system is generally used with what might be termed a standard set of options such as: 100-kHz maximum range tone frequency, signal levels such that the system is not thermal noise limited, 1 per second or 6 per minute data rate, and a 25-Hz range tracking loop two-sided noise bandwidth. Table I lists the theoretical system performance for the foregoing selected options. Doppler averaging time is approximately one-half the sample time interval for NIMBUS tracking and equal to the sample interval for Apollo and GEOS tracking.
For averaging times, T, up to about 10 s the noise decreases as lIT. The principal Doppler noise contribution comes from receiver voltage controlled crystal oscillators and the analog to digital conversion. For longer integration times the Doppler noise is also influenced by noise falling off as 1/T, an effect attributed to the phase jitter in the transmitter reference signal used at the Doppler extractor. For satellite-to-satellite tracking involving ATS-6 the rangerate resolution for T seconds of averaging is given by AR = /(0.3/T)2 + (0.07/f T)2 cm/s. This range-rate resolution versus Doppler measurement averaging time is plotted in Fig. 2 . It should be mentioned that the least significant range bit recorded is 1.5 m which is consistent with the best expected one-way performance of 1.7-m resolution. Measured results indicate close agreement with expected system performance. System random errors or "noise" are generally observed by the least squares fitting of short data spans (i.e., 1 to 10 min) with polynomials of at least fifth degree to account for spacecraft dynamics. Care must be taken such that the polynomial itself does not introduce apparent error. If the data is from a static or collimation tower test a least squares straight line fit is appropriate.
Assuming reasonable tracking geometry the accuracy of spacecraft position and velocity determination will be primarily limited by tracking system performance for any computation spanning the data collection interval. That is, if continuous tracking is provided from a set of well surveyed stations the computation is essentially one of geometry. On the other hand, the accuracy of orbit prediction based on an initial spacecraft vector determination will be degraded as a function of time in direct relation to the accuracy to which physical parameters are modeled. This modeling includes gravitational fields, atmospheric drag and refraction effects, solar pressure, station location determination, and so on. The most critical of these modeling parameters in terms of orbit determination accuracy is the gravity field model which at present is generally expressed in terms of a spherical harmonic expansion.
ATS-6 Orbit Determination Results
The optimal reduction of satellite-to-satelhte tracking data to determine a user satellite orbit requires an accurate a priori estimate of relay satellite state. Hence, it is important to determine the expected errors in the estimate of ATS-6 state from ground based tracking. More The method of "orbit overlaps" was used to evaluate the orbit determination accuracy of the system. This procedure can be outlined as: 1) Determine a satellite epoch state using each of two independent data sets. 2) Propagate estimated epoch states over a common or overlapping interval. 3) Difference the two orbits over the common interval (differences are usually displayed in along track, cross track, and radial components).
In some cases the orbit overlap method can lead to an underestimation of orbit errors since biases in orbit estimates may cancel in orbit differences. Hence, the method should be viewed as a test of the internal consistency of an orbit determination process rather than an absolute measure of accuracy. Data set 1 used in the orbit overlap test was obtained with Rosman as a transmitting site and with transponders at Rosman, Mojave, Greenbelt, and Santiago. Data set 2 was obtained with the same transponder sites but with the transmitter located at Mojave. The tracking schedule is shown in Fig. 3 . The two interrogating sites are identified in Fig. 3 under TRANSMITTER as Rosman, N.C., and the Moiave, Calif., "Hybrid Transportable" station. Each data stretch was approximately 5 min long and the data rate was one sample per 10 s. Separate orbit arcs were computed from data set 1 and data set 2. VONBUN The total position differences between the two orbits over in 24 h of November 3, 1974, were computed and are displayed in Fig. 4 . The mean position error is about 100 m. A typical set of range residuals is shown in Fig. 5 . The range residuals over this arc are on the order of 20 m. Assuming that there are no significant biases in the trilateration orbit determination whose effects cancel in the orbit overlap test, the results of Fig. 4 suggest that continuous tracking of ATS-6 over a 24 h period leads to an orbit estimate over the period which is accurate to about 100 m.
Geostationary Satellite Long-term Accuracy
In general one cannot assume that relay satellites are continuously tracked. Hence, in the reduction of satellite-tosatellite tracking data, it may be necessary to use an estimate of user satellite state obtained through a propagation that was unconstrained by the data fitting criterion of a least squares algorithm. When this occurs the accuracy of the orbit estimate is entirely dependent on the correctness of the force models used in the propagation.
The orbit overlap technique utilizing data obtained during July 1975 was used to estimate the accuracy of a free or unconstrained propagation of an ATS-6 epoch state. The data sets used in the overlap tests were 1) data set 1-24 h of data over July 13, 14, 1.975. Tracking stations located at Madrid, Ascension Island, and Johannesburg; 2) data set 2-24 h of ranging data over July 25, 1975 . Tracking stations located at Madrid, Ascension Island, and Johannesburg.
Each data set was processed to estimate an ATS-6 state vector for epoch time July 16, 1975 , at 7 h, 25 min. The epoch states were propagated forward for 10 days and along track, cross track, and radial differences were computed at 15 min intervals. The root mean square (rms) along track difference was over 2 km. Fig. 6 is a plot of these along track differences.
The late errors which occur during the free propagation of an ATS-6 epoch vector must be caused by a misrepresentation of force models. The obvious candidates are 1) Unmodeled venting and thrusting of ATS-6 to accomplish satellite attitude corrections. Motions due to antenna maneuvering may also introduce errors. 2) Mismodeling of solar radiation pressure. In all data reductions, ATS-6 was assumed to present a constant cross section to the sun. In fact, this is not the case. 3) An error in representation of the central force term of the earth's gravity field. An estimate of the uncertainty in estimates of this parameter is one part in 106.
Error source number 3 appeared to us as the most likely cause for the major part of the errors exhibited in Fig. 6 . In order to measure the effect of uncertainty in the gravity field parameter on the free propagation of ATS-6, the following simulation was performed: ranging observations to the ATS-6 from sites at Rosman, Santiago, and Mojave were generated for a 3-day span. The observations were corrupted with white noise with a standard deviation of 10 m. The value of the gravity field parameter used to generate the data was perturbed by one part in 106 and this value was used along with a least squares estimator to estimate an epoch state at the beginning of the 3-day data span. The perturbed value of the gravity field parameter was used to propagate this epoch state for 6 days. Over the 3 in the central force term of the earth's gravity field is sufficient to account for the errors in the ATS-6 free propagation as manifested in Fig. 6 .
Summary of Results
Overlap tests performed with real data together with simulation results suggest that by processing data over one ATS-6 orbital period, the ATS-6 state over the orbital period can be determined with an average accuracy of about 100 m. But other results show that when longer data arcs are used or when an estimated ATS-6 epoch state is propagated well beyond the data arc used in its estimation, errors in the kilometer region are encountered. These facts indicate that there are significant errors in the models of the forces acting on the ATS-6. The most likely candidate is the error in representation of the central force term of the gravity field.
GEOS-3 Orbit Determination Results
The GEOS-3 orbit determination results were derived from data obtained over the weekend of May 3, 1975 . The tracking schedules and the tracking systems used in the evaluation are shown in Fig. 7 . The figure shows that five passes of range and range rate data were available. A Bayesian estimation technique described in a previous section was used to obtain two separate and overlapping GEOS-3 orbits. A GEOS-3 epoch state at May 2, 22 h was estimated using all the ATS-6 ranging data and the first three passes of range sum and range sum rate data. The ATS-6 ranging data was weighted according to a standard deviation of 2 m. The range sum and range sum rate data were weighted according to standard deviations respectively of 2 m and 1 mm/s. The complete GEM-7 geopotential field was used in this and all other data reductions. The estimated epoch state was propagated to the end of the data span of May 3, 22 h. The process was repeated with the last 4 passes of range sum and range sum rate data to estimate a GEOS-3 epoch state at May 3, 10 h. This epoch state was propagated to the end of its data span at May 4, 10 h. The total position difference between the two orbits during the 12-h overlap period as shown in Fig. 8 varies periodically between 10 and 25 m. As mentioned in a previous section, orbit overlap procedures can provide an overly optimistic assessment of orbit determination accuracy. A more objective measure of accuracy is obtained by comparison with an orbit derived from an independent and well calibrated data set. Fig. 7 displays the C-band tracking available from Wallops Island and Bermuda during the weekend of May 3, 1975 . A 3-day GEOS-3 arc was derived from the C-band data and compared to a similar arc derived from the five passes of satellite-to-satellite tracking data and ATS-6 ranging data. The rms differences in the two arcs were: radial, 5 m; cross track, 200 m; along track, 39 m. Various orbit results indicate that total position error for C-band derived GEOS-C orbits is on the order of 50 m. Hence, it is only in the cross track direction that the orbit determination derived from satellite-to-satellite tracking data differs significantly from the C-band orbit. The large cross track errors can be explained in terms of the tracking geometry. For each of the five satellite-to-satellite tracking passes shown in Fig. 7 
NIMBUS-6 Orbit Determination Results
The NIMBUS-6 overlap results were derived from data obtained over the weekend of February 8, 1976 . For this experiment a highly accurate reference orbit suitable for the purpose of comparison was unavailable. This implied that the primary measure of the quality of the orbits derived from satellite-to-satellite tracking would be obtained from orbit overlap test. Hence the orbit overlap test for the ATS-6/NIMBUS-6 experiment was performed in a way which was mnore rigorous and less optimistic than the overlap test performed for the ATS-6/GEOS-3 experiment.
Notice that for the ATS-6/GEOS-3 experiment the overlap test was performed with data sets which intersected through the entire overlap interval. Hence both orbits used in the comparison were constrained by data at each end of the interval. With such a procedure it is possible for the effects of errors in the measuring system to cancel in the test results. It will be seen that for the ATS-6/NIMBUS-6 overlap test the two data sets in question are abuting rather than overlaping and effect of measurement system errors are less likely to cancel in the test results. The tracking schedules and the tracking systems used in the evaluation are shown in Fig. 9 . The first two rows of this figure show the tracking schedules for the ranging data from Madrid, Spain, to ATS-6, and from Ahmedabad, India, to ATS-6. The third row indicates the tracking schedule for trilateration data (Madrid-ATS-6-Ascension Island). The fourth row shows the tracking schedule for the range sum and range sum rate data with Madrid as the ground station. The vertical bar located at 9 h February 8, indicates the epoch time for two estimated NIMBUS-6 epoch states. Epoch state 1 was obtained by executing a Bayesian least squares estimator with all the ATS-6 ranging and trilateration data and all the satellite-to-satellite tracking data to the left of the epoch time. Epoch state 2 was obtained by repeating the procedure with the satellite-to-satellite tracking data to the right of the epoch time replacing the data to the left of the epoch time. The horizontal bar in row 5 of the figure displays the common interval over which the two NIMBUS-6 epoch states were propagated. The complete GEM-7 gravity field model was used in all data reductions and propagations. The relative weights for the data types were obtained by first using nominal weights and processing all the data to estimate ATS-6 and NIMBUS-6 epoch states. The residuals of the estimation were used to determine the standard deviations of the noise on the various data types. These standard deviations were used to obtain weights for the final data reductions. The computed standard deviations are shown on Table II .
The data reductions were complicated by the fact that an experiment onboard the NIMBUS-6 was responsible for some outgasing. This effect was modeled as a constant along track thrust whose magnitude was estimated in the data reductions. The recovered magnitude was approximately 10-7 m/s2.
Figs. 10, 11, and 12 display the along track, cross track, and radial differences in the 2 epoch state propagations during the overlaping period. The rms differences are 40 m along track, 30 m cross track, and 12 m radial. The secular growth of residuals in the along track direction is explainable in terms of gravity field error and an imperfect modeling of the outgasing effect whose direction was probably not exactly along track and whose magnitude was probably not constant.
Finally it should be mentioned that a NIMBUS-6 orbit derived from satellite-to-satellite tracking data was compared to a NIMBUS-6 orbit derived from minitrack data. The orbit differences were well within the stated accuracy for minitrack orbits of 500 m.
Conclusions
The ATS-6/NIMBUS-6 and ATS-6/GEOS-3 satellite-tosatellite radio tracking system performs with a resolution of 1 m in range and .03 cm/s in range-rate for a 10-s averaging.
A Bayesian least squares estimation technique utilizing a good a priori estimate of relay satellite state was used during these experiments to obtain user satellite orbits with accuracies comparable to what is obtainable from ground tracking systems. The limiting factor in an orbit determination with satellite-to-satellite radio tracking appears to be the accuracy of the force models rather than tracking system precision.
The results of these experiments imply that with the proper data reduction procedures, the tracking data relay satellite system should provide orbit determination capability comparable to what is now obtainable from ground based systems.
